Abstract: Hydrogen peroxide (H 2 O 2 ), first synthesized in 1818 through the acidification of barium peroxide (BaO 2 ) with nitric acid, is a clear and colorless liquid which is entirely miscible with water and variety of organic solvents such as carboxylic acid and esters. Anthraquinone process (an old production process of H 2 O 2 ), a batch process carried out in large facilities is an energy demanding process that requires large facilities, and involves oxidation of anthraquinone molecules and sequential hydrogenation. Moreover, the direct synthesis method enables production in a continuous mode as well as it permits small scale, decentralized production. Many drawbacks associated with these processes such as, energetic inefficiency and inherent disadvantages have motivated researchers, industry and academia to find out alternative for synthesis of H 2 O 2 . Electrochemical route based on catalyst selectively reduce oxygen to hydrogen peroxide. O 2 is cathodically reduced to produce H 2 O 2 via 2-electron pathway or 4-electron pathway to get H 2 O. Electrolysis of water has an important place in storage and electrochemical energy conversion process where problem is to choose a sufficiently stable and active electrode for anodic oxygen evolution reaction. Most commonly used catalysts on the cathode are carbon based materials such as carbon black, carbon nanotubes, graphite, carbon sponge, and carbon fiber. In perspective of expanding demand of production and usage of hydrogen peroxide we review the past literature to summarize different production processes of H 2 O 2 . In this review, we mainly focus on electrochemical production of hydrogen peroxide along with other alternatives, such as anthraquinone method for industrial H 2 O 2 production and direct synthesis process. We also review the catalytic activity, selectivity and stability for enhanced yield of H 2 O 2 . From revision of last two decade's literature including experimental and theoretical data; we argue that successful implementation of electrochemical H 2 O 2 production can be realized on the basis of stable, active and selective catalyst.
Introduction
Hydrogen peroxide (H 2 O 2 ) is a clear and colorless liquid which is entirely miscible with water. Many properties of H 2 O 2 are still being discovered today, even though it was first synthesized in 1818 through the acidification of barium peroxide (BaO 2 ) with nitric acid. [1, 2] Afterwards hydrochloric acid was used for the improvement of process to release H 2 O 2 . Thenard established the process of wet chemical oxidation in 1880s commercial manufacture of aqueous hydrogen peroxide solutions.
(1)
In 1853 electrochemical processes was introduced to produce hydrogen peroxide by electrolysis of aqueous sulfuric acid [3] which, eliminated the disadvantages of barium peroxide process. In 1878, peroxomonosulfuric acid was electrolyzed to form peroxodisulfuric acid which is further hydrolyzed by water to get sulfuric acid and hydrogen peroxide. Furthermore, Manchot in 1901, found that H 2 O 2 and quinones (or azobenzenes) can be formed by quantitatively reacting hydroquinones (or hydrazobenzenes) with oxygen. [4] In 1932, a cyclic process based on azobenzenehydrazobenzene was proposed by Walton and Filson in the United States for the manufacture of H 2 O 2 . [5] Riedl and Pfleiderer in 1939 developed anthraquinone auto-oxidation (AO) process which was used to produce H 2 O 2 on large scale. [6] Industrial production of H 2 O 2 went through three stages including wet oxidation, electrolysis and organic oxidation process. [7] In 1990s many of serious environmental problems (like formation of dioxins and other harmful chlorinated products) arising from the use of chlorine, raise the concern to replace chlorine with H 2 O 2 as a bleaching agent in paper production. [8, 9] Historical development in industrial production of H 2 O 2 is summarized in Figure 1 . Global capacity of the world (based on 100% H 2 O 2 ) was 1.5 million tonnes per annum (ta −1 ) in 1990s, which increased to 5.5 million ta −1 in 2015, [10] while world scale plant built to support synthesis of propene oxide (PO) had a capacity of about 20,000-40,000 ta −1 increased to 300,000 ta −1 . This process opens up several new routes to highly environment beneficial uses of this valuable chemical, turns it into plentiful, affordable and large scale commodity, which was once thought to be an expensive specialty. Furthermore, new research has been carried to find innovative new processes and materials based on H 2 O 2 .
Hydrogen peroxide is soluble in a variety of organic solvents such as carboxylic acid and esters and pure H 2 O 2 100% wt is stable at room temperature. [7] It is weakly acidic in aqueous solution and forms salts with various metals. It can behave as both reducing and oxidizing agent. General process of working of H 2 O 2 differs from other types of biocides and anti-infective drugs, by considerably reducing the risk of development of resistance to some kind of biocides over a period of time. In developed and developing countries, the above mentioned property possibly makes it a widespread antimicrobial chemical. H 2 O 2 is an environment friendly and multipurpose oxidant, which plays a major role in a remarkably diverse range of applications, including pulp and textile bleaching, first-aid kits for disinfection, [12] chemical synthesis, [9, 13] wastewater treatment, [14] detergents, exhaust air treatment and semiconductor cleaning ( Figure 2a and Figure 2b ). An increased trend has been noticed in demand of H 2 O 2 because of increased efforts to avoid environmental damage. [10] The annual 5.5 million tonnes production of H 2 O 2 [10] in 2015, significantly exceeds the forecast production made in 2011 which is 4.3 million ta −1 . [15] H 2 O 2 is known as a green oxidant that decomposes in water had a global utilization of 0.5 million ta −1 three decades ago which increased to 4.5 million ta −1 in 2014, and is still increasing. Presently, millions of ta −1 of H 2 O 2 are being produced, especially for industries to produce chemicals and paper. [16] Expanding demand of production and usage of hydrogen peroxide leads us to review the past literature for gathering information about H 2 O 2 production. In this review paper we tried to summarize different production processes an eminent green material H 2 O 2 . The main focus of the study is electrochemical production of hydrogen peroxide along with other alternatives such as, anthraquinone method for industrial H 2 O 2 production and direct synthesis process, keeping the aim of expanding its utilization across different civil and industrial sectors. This study also focuses on the catalytic activity, selectivity and stability for enhanced yield of H 2 O 2 . We review experimental and theoretical data from the past literature and on this basis; we argue that successful implementation of electrochemical H 2 O 2 production can be realized on the basis of stable, active and selective catalyst.
2 Production Processes of Hydrogen Peroxide
Anthraquinone Process
In recent years more than 3.5 million metric tons of hydrogen peroxide has been produced to meet different usage demands all over the world annually. Nowadays the main production method for exclusive production of H 2 O 2 is anthraquinone process. [16, 18] During World War II (1940s) IG Farbenindustrie in Germany introduced the first commercial anthraquinone autoxidation process plant (360 metric tons H 2 O 2 annually). [16, 19] Following the steps of this plant, some chemical companies started to operate large scale plants, [19] and in these five decades, the original concept of commercial anthraquinone autoxidation process is maintained by all worldwide subsequent anthraquinone-based production plants. [16] However, some of the important improvements were made in each of the four major steps: hydrogenation, oxidation, hydrogen peroxide extraction, and treatment of the working solution.
The largest part anthraquinone process of H 2 O 2 production involves the main reactions from the RiedlPfleiderer process. [6] In the anthraquinone process, hydrogenation and autoxidation takes place in which dihydrogen is oxidized to H 2 O 2 with dioxygen from the air by catalytical hydrogenation of 2-alkylanthraquinone (AQ; usually 2-ethylantraquinone) in an appropriate solvent or mixture of solvents. [16, 19, 20] To make the working solution an appropriate organic solvent is used to dissolve AQ. Furthermore, hydrogenation process is used to produce corresponding anthraquinolor anthrahydroquinone (AHQ) in the presence of catalyst by subjecting AQ in the working solution to reduction with dihydrogen. For reduction of AQ pure hydrogen gas is blown into the reactor containing Pd catalyst and working solution. [21, 22] Figure 1 . Summary of historical development of industrial production of H2O2 [11] place to activate dihydrogen on palladium surface and to disperse hydrogen gas. In hydrogenation the working solution is hydrogenated using a catalyst at temperature of [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] • C keeping the hydrogen partial pressure to 4 bars. The hydrogenation process is carefully controlled to minimize secondary reactions by keeping conversion of AQ to AHQ under 60%. Pd and nickel catalysts have been used in the hydrogenation step. [23, 24] The process of using nickel as a catalyst in the original process for the reduction has two serious drawbacks: rapid deactivation and excessive hydrogenation. In autoxidation process, equimolecular amounts of hydrogen peroxide is produced and AHQ is separated from the hydrogenation catalyst [19] and is re-formed into original AQ again by an oxygen-containing gas or air. This oxidation process typically takes place under slightly compressed conditions with • C in a noncatalytic environment and under mild conditions by bubbling air through the working solution. All these reactions occurs by means of well-documented free radical chain mechanism. [25] Furthermore, demineralized water in a counter column is used to produce aqueous H 2 O 2 usually 30% by weight. The aqueous H 2 O 2 is then distilled to extract pure H 2 O 2 from the working solution by removing impurities and by increasing the concentration to as high as 70%. The remaining solvent/anthraquinone mixture is recycled in the reduction process to reuse AQ. Therefore, high quantity of H 2 O 2 can be produced efficiently from the anthraquinone process by using air and hydrogen gas.
During hydrogenation process some amount of AQ is converted into THAQ and compared to AQ Tetrahydroanthraquinone (THAQ) can easily be hydrogenated to tetrahydroanthrahydroquinone (THAHQ) when takes part in the anthraquinone process. [26] Both THAQ and AQ co-exist in the working solution [20] though, THAHQ oxidizes slowly to produce H 2 O 2 as compared to AHQ. [27] Although, the anthraquinone process got industrial importance and some kinetic aspects have been reported but reaction mehanisim involved in the autoxidation process of AHQ and THAHQ is still unknown. Anthraquinone process ( Figure 3 ), which is a batch process carried out in large facilities, is an old production process of H 2 O 2 with an average yield of 50 ta −1 per plant. Many drawbacks are associated with this plant such as it is an energy demanding process, requires large facilities, [16] and involves oxidation of anthraquinone molecules and sequential hydrogenation. The energetic inefficiency and inherent disadvantages of anthraquinone process have motivated researchers, industry and academia to find out alternative and driven their interest towards direct synthesis of H 2 O 2 [28, 29] which is a small-scale and catalytic process for continuous production. [16] Pd-modified Au nanoparticles (henceforth denoted as Pd/Au) are the most active catalysts for this process. Palladium based catalysts are more selective second generation catalysts but cannot completely avoid hydrogenation by-products (extra consumption of anthraquinone and hydrogen). Therefore, a highly selective catalyst is required to hydrogenate the carbonyl group leaving the aromatic group intact. A new generation of catalysts are required to fulfill these requirements such as, catalysts based on chemically reduced nanosized amorphous Ni/Cr/B [30] and Ni/B [31, 32] alloys. 0.1% w/w of di-n-octylamine (slightly watersoluble secondary amine) can be added in the working solution to accelerate the oxidation reaction. The yield of H 2 O 2 extracted by water is 95% of the theoretical amount of hydrogen peroxide. Water is most commonly used to separate H 2 O 2 from working solution while many other methods are also present. The concentration of H 2 O 2 in the working solution is between Figure 3 . (a) The overall reaction of hydrogen peroxide preparation with the anthraquinone process; [18] (b) Diagram of anthraquinone process for Synthesizing H2O2 [16] 0.8 and 1.9% w/w which can be recovered up to 95% by efficient extractors. The study presents only simplified process including different reactions involved in the process however, a series of other reactions can also occur in this process and leads to a net consumption of anthraquinone. Along with the main advantage of AO process in high yield of H 2 O 2 per cycle, there are also major disadvantages related to the process. The main disadvantage is from steps of separation involved in purifying H 2 O 2 from the organic impurities and side reactions occurring in the process which requires hydrogenation of the catalyst and regeneration of the solution. Literature proposed improvements in this process at each step, despite that the process provides the highest yield of H 2 O 2 per cycle.
Direct Synthesis of H 2 O 2
The direct synthesis of hydrogen peroxide from hydrogen and oxygen is atom efficient and an attractive route to the current commercial production process for this important chemical commodity. Currently indirect anthraquinone process is used to produce many million metric tonnes of H 2 O 2 out of which 80% is used for textile bleaching, chemical synthesis and paper industries. [16] This demand of H 2 O 2 is going to increase as the demand for propylene oxide is exceeding. Concentrated H 2 O 2 is produced by the indirect process and has to be transported to the point of use for dilution up to 28 wt% whereas; in direct route H 2 O 2 is produced at its point of use. Hence the development of a catalytic process is required for this reason. This process gained considerable research interest of the community into catalysts that can provide an alternative to the current industrial process. Most of the evaluated catalyst systems utilize Pd as the active catalyst. There are a number of ways to promote activity of the catalyst such as, adding second metal or addition of reactant phase like halides or acid. [33] The "direct catalytic" synthesis process of H 2 O 2 is a promising alternative to previous batch synthesis methods and has long been a dream process, which involves the direct reaction of H 2 and O 2 in a liquid solvent using Au/Pd as a catalyst. [28, 34] It was first reported in 1914. [35] The direct synthesis method enables production in a continuous mode as well as it permits small scale, decentralized production. [28, 33, 37, 38] Specially, Hutchings and co-workers have produced inspiring works in this area on PdSn and PdAu catalysts. [28, 33, 36, [39] [40] [41] [42] [43] The suggested method for direct synthesis of H 2 O 2 involves following steps: at the start of the reaction H 2 molecules dissociate into hydrogen atom on the catalyst surface. Following the reaction OOH intermediate is formed when an O 2 molecule adsorbs on the surface of catalyst and reacts with hydrogen atom. [29, 44] Subsequently, H 2 O 2 if formed when OOH intermediate reacts with another hydrogen atom, later on desorption of H 2 O 2 from the catalyst surface occurs. [15, 37, 41, 44] Unfortunately, the problems associated with the direct synthesis of H 2 O 2 are very often minimized and are overlooked in literature. Whereas, the direct synthesis of H 2 O 2 using H 2 and O 2 , would be a highly desirable process that avoids the production of any waste (except harmless water). [45] It was noted in 1999 that there is no such industrial plant that is commissioned and designed using the alternative technologies to the AO process. Based on this observation "Clark and Jones" mentioned in their studies that although the anthraquinone process require deactivated hydrogenation catalyst and replacement of the quinone over a period of time, but "the process will continue to dominate". [46] Development of an alternative and industrially viable process based on direct synthesis with noble metal catalysis has gained interest of industrial research in past few decades. [15] From 1980 to 1999 more than 100 patents were granted to large chemical companies.
In Germany (2006), a one tonne demonstration plant was built by a joint project between a catalyst supplier (Headwaters Technology Innovation) and a large H 2 O 2 manufacturer (Degussa, now Evonik) for the aim to begin commercial production in 2009 by collecting and evaluating necessary data for designing 200,000 ta −1 plant the aim was to collect and evaluate data necessary to design a 200,000 ta −1 plant. [47] A carbon-supported PdPt/C catalyst comprised of uniform 4 nm metal alloy nanoparticles was used in the process. Even though, the process was announced to be commercially available starting from 2009, but direct synthesis can only be achievable with pure and costly O 2 instead of freely available air, so it was not commercialized (advantages and disadvantages summarized in Figure 5 ). Besides this reason generally a higher reaction pressure is required compared to AO process. Such as alloyed Pd/Sn nanoparticles comprised catalyst supported on TiO 2 , and capable of affording H 2 O 2 with >95% selectivity, works well when pressurized at 29 bars with 5:1 ratio of O 2 and H 2 dissolved in MeOH. [38] Direct reaction of oxygen and hydrogen on modified Pd catalysts can provide significant yields and selectivities to H 2 O 2 . The pre-reduction of the catalyst and usage of mixed solvents especially containing alcohol leads to higher activities and selectivities. [48] Environmental impact of industrial oxidation can be decreased by successful implementation of the direct synthesis of inexpensive H 2 O 2 that can enable a number of ground-breaking processes (e.g., selective oxidations of alkanes to alcohols). [49] 
Electrochemical synthesis of H 2 O 2
Continued increase in global population and economic development is placing an increased pressure on energy resources. A significant amount of chemicals are generated in centralized locations [55] from consumption of raw material and a large fraction of the world's total energy. However, energy and cost can be saved with confined production of chemical, closer to the point of consumption. Electrochemical devices can be helpful in playing a major role in the transformation, as they require minimal capital investment and can be operated at ambient pressures and temperature in small plants. [56] Herein, production of hydrogen peroxide from reduction of oxygen is focused, a chemical with particularly increased electrochemical production. [16] Direct process of H 2 O 2 synthesis does not make use of embedded energy released upon reacting H 2 and potentially explosive mixtures of oxygen and hydrogen are need to be handled during the process. Noting these drawbacks, an electrochemical route based on catalyst are proposed by a growing community of researchers, that selectively reduce oxygen to hydrogen peroxide. [57] [58] [59] In this way oxygen are hydrogen are kept separated hence reducing the risk of explosion. Furthermore, the energy released during the reaction can be recovered by production of H 2 O 2 in a fuel cell. The use of H 2 can be avoided when produced in electrolyzer using water as the proton source.
Electrolysis of water has an important place in storage and electrochemical energy conversion process. [60] Along with the advantages of water electrolysis the most complex problem is to choose a sufficiently stable and active electrode for anodic oxygen evolution reaction OER. [61] [62] [63] In water electrolysis of proton-exchange membrane most of the materials are not capable of sustaining the acidic medium at high anodic potential, so the choice of material selection is largely reduced to iridium (Ir) based anodes. [64] In last decades many oxides studied based on their OER activity and water electrolysis in solid and liquid alkaline electrolysis cells have gained interest of scientific community. [60, 62, 63] Most of transition metal oxides when noticing their utilization in combination with conductive binders (most widely employed is carbon material) are found to be poor electron conductors[. [62, [65] [66] [67] Carbon corrosion simultaneously occurs with the OER at high anodic potential as it is unavoidable. Therefore, a strong determination of the OER current efficiency requires accurate measurements of the OER activities of oxides studied in the presence of carbon additives. [62] The amount of the evolved oxygen can be quantified by the various suggested techniques including scanning electrochemical mass spectrometry, [68, 69] online and differential mass spectrometry, [70] [71] [72] [73] [74] fluores- Figure 5 . Advantages and disadvantages of direct synthesis route [50] [51] [52] [53] [54] cence oxygen sensors. [75, 76] The rotating ring-disc electrode (RRDE) is considered by a low detection limit in which the ring detects oxygen evolved at a disk electrode and does not require special cell development. Therefore, RRDE seems to be a convenient method for determining the OER efficiency of carbon/oxides composite electrodes while, the method is hardly applied to studies of the OER. Even the OER current efficiencies for carbon-free electrodes are reported from 100% [77, 78] to much lower values [79] [80] [81] ] thus, suggesting possible instrumental complications. One of the problems with low OER efficiencies can be the result of high catalyst loadings on the disc electrode, while the oxygen evolution condition can also block the pore of the catalytic layers by oxygen bubbles. Catalyst loading still effect seems to be a matter of controversy: some publications documented an independence [82] [83] [84] while others a decrease, [78, 82, 85] or even an increase of the OER specific activity with the loading. [85] The rotating ring-disk electrode (RRDE) is powerful but simple electrochemical method which uses three electrode cells in liquid electrolytes and the production of H 2 O 2 is quantitatively measured from oxygen reduction process ( Figure 6 ). When compared to catalytic tests in real electrochemical devices, RRDE tests seems to provide yield high reproducibility on a laboratory scale and are simpler to optimize. [86, 87] Reduction of oxygen takes place at the disk electrode. The catalyst applied to the disk electrode can be either a planar extended surface, a bulk or a thin film of supported nanoparticles. [87] Rotating motion of the electrode causes forced convection that radially transfers H 2 O 2 produced at the disk electrode to the concentric platinum ring electrode. Later, at ring electrode H 2 O 2 is oxidized back to O 2 .
The selectivity of the ring current and the disk current can be measured by two means, (i) in terms of the frac- Figure 6 . Schematic diagram of RRDE [50] [51] [52] [53] [54] tion of O 2 used for H 2 O 2 .
[87]
(ii) the Faradaic efficiency
where iD and iR are disk and ring current, respectively, and N is the collection efficiency of RRDE, or H 2 O 2 selectivity on the rotating ring-disk electrode can also be calculated based on the current of both disc and ring electrodes (Equation 6).
Electroreduction of Oxygen
Presently, centralized reactors are being used for large scale production of the most common chemicals, such as hydrogen peroxide, hydrogen, ammonia, and methanol. The process is so common, [88, 89] that both the chemi-cal synthesis and energy conversion takes place closer to the point of consumption for a more decentralized infrastructure. For reaching this goal an increasingly important role is played by the electrochemical devices; they require little auxiliary plants and can be operated at variable rates under ambient conditions. [90] Such devices can be coupled with alternating renewable power sources, like wind or solar power, and provides means to level out demand and store electricity. Herein, we focus on the electroreduction of oxygen to produce hydrogen peroxide. To locally produce a valuable chemical product from an abundant resource, a very attractive route could be provided by electrochemical production of H 2 O 2 from water oxidation. Production of H 2 O 2 from O 2 and H 2 is an exergonic process, which forms Gibbs free energy ∆ G f 0 =120 kj.mol −1 . H 2 O 2 produced in an electrolyzer or fuel cell by electroreduction of oxygen has significant advantages over the anthraquinone processes. Unlike direct synthesis route, the process is effective in on-site production of hydrogen peroxide whereas, there is no need for H 2 and O 2 to be maintained outside the explosive regime. Furthermore, in principle, it is possible to recovers most of the ∆G f o =120 kj.mol −1 , as electrical energy when produced in a fuel cell. Instead, H 2 O 2 can be synthesized at the cathode of the electrolyser by doing away with H2 altogether; the energy input would be ∼ 200 kj.mol −1 with oxygen evolution occurring at its anode. However, for an electroreduction of oxygen, an active, selective and stable catalyst is required in industrially viable electrochemical production of H 2 O 2 . [16, 58, 59, 91, 92] Porphyrins based 3d transition metal such as, Co are found to be most selective and active catalyst for this reaction. Though, a rapid loss of performance occurs when in the presence of H 2 O 2 , nitrogen ligands of these catalysts starts degrading. [93, 94] Alternatively, noble metal based catalysts are stable even under harsh reaction conditions. H 2 O 2 production through Au nanoparticles shows a diffident selectivity of only 80% and activity of 1mA at 0.4V overpotential. Instead, similar activity and up to 90% selectivity is showed by Pd/Au nanoparticles to Au. [58] Siahrostami, Verdaguer-Casadevall [95] carried out a study on electrochemical generation of H 2 O 2 to discover new alloys for exhibiting an unprecedented combination of stability, activity and selectivity. H 2 O 2 decomposes in alkaline conditions or at high temperature [16] so, the study specifically focus on ambient conditions functioning catalysts, that contains elements stable in acidic, rather than basic electrolytes. At such conditions low membrane stability, low hydrogen oxidation activity and poor water management can occur by hydroxide-conducting polymeric electrolytes based devices. [96, 97] Two coupled proton and electron transfer process is involved in electroreduction of O 2 to H 2 O 2 : [98] O 2 + * + (H + + e − ) → HOO * (7)
where HOO * denotes the single adsorbed intermediate for the reaction and * denotes an unoccupied active site. High selectivity and activity is provided by the catalyst by maximizing and minimizing the kinetic barriers for HOO * and barriers for Equation 7 and Equation 8 respectively. HOO * dissociates or reduces to intermediates (O * and H * ) of the four electron reduction of O 2 to H 2 O. An interplay between electronic and ensemble effects are used to determine the selectivity and activity of the catalyst. Electronic effect controls the binding of the reaction intermediates [99, 100] and the binding of HOO * to the surface is dependent on the catalyst material. Therefore, for controlling the catalyst activity, HOO * binding energy, is found to be the descriptor, or key parameter. A constant amount of 3.2 ± 0.2 eV is used by HOO * for bonding linearly with that of HO * .
[101]
To drive H 2 O formation on with an optimistical catalyst a minimum ηO 2 / H 2 O ∼ 0.4 V is required as compared to two electron transfer. The binding energies of intermediates like HO * and HOO * scales linearly with others; [102] to overcome this problem reactions that involves more than two electrons require high value of ηO 2 / H 2 O. [ [59, 95, [103] [104] [105] [106] [107] and is a straightforward on-site production process. Electrochemical generation of H 2 O 2 via two-electron oxidation of water is one of the striking possible route (Equation 10): [108, 109] (110) surface, based on the investigation of Hg/Pt (111) [95] and Pd2Hg5 (001). [103] The green arrows represent the reaction path to H2O2, whereas the red arrows the path to H2O. Mercury, grey; platinum / palladium, green; oxygen, red; hydrogen, yellow. evolution reaction (Equation 11) using only water as raw material in a single electrochemical device. Sunlight can be used for both reactions by using photo-absorber with such devices: [110, 111] 
2(H
Though, the two-electron water oxidation (Equation 10) couples with four-electron oxidation reaction to generate O 2 (Equation 13) and with the one-electron oxidation reaction to produce OH radical (Equation 14). 13), [83, [112] [113] [114] 125] on the other hand oxidation reaction of water to H 2 O 2 (Equation 10) by selective two electron method is considered as much more difficult process and has gained less attention. Presently, the main challenge in focus is to find a material that can efficiently and selectively produce H 2 O 2 from water by using photo electrochemical production system of H 2 O 2 . Various metal oxides have been used for electrochemical oxidation of water such as WO 3 -BiVO 4 [111, 126, 127] MnOx [108, 109] and TiO 2 . [128] [129] [130] [131] [132] These studies reported BiVO 4 as the best oxide for H 2 O 2 production [111, 126] along with demonstrating H 2 O 2 production potential over metal oxides. However, for metal oxides more studies are required about limiting potential of H 2 O 2 generation and energy barriers. Moreover, there is not enough data present about experimentally and theoretically variation of these oxides in H 2 O 2 generation efficiency.
Shi, Siahrostami, [133] carried out a study on four different oxides (i.e. SnO 2 , WO 3 , BiVO 4 and TiO 2 ) to theoretically investigate the activity trends of these oxides towards water oxidation for H 2 O 2 production. It was reported that H 2 O 2 production potential for both measured and calculated onset increases in the sequence of WO 3 , BiVO 4 , SnO 2 and TiO 2 . A consistent result with previous studies on comparing different metal oxides for H 2 O 2 production has been obtained [111, 126] in which BiVO 4 is considered to be the best catalyst among all these four oxides in dark and illuminated two-electron oxidation. The Optimal bias range identified for BiVO 4 to produce H 2 O 2 under illumination (∼1.7 V -2.3 V) and in dark (∼2.9 V -3.3 V). High faraday efficiency (FE) of 98% under 1 sun illumination and 70% under dark condition is achieved by BiVO 4 .
3 Activity and selectivity trends of catalyst in electrochemical water oxidation to form
In electrochemical production of H 2 O 2 catalyst at the electrodes is of crucial importance. The performance of electrochemical devices is dependent on performance of catalyst at the electrode. A electrocatalyst is successful with (a) high activity, operates with high current densities closer to the equilibrium potential to optimize catalyst loading and energy efficiency; (b) high selectivity, ensures high production of H 2 O 2 ; and (c) high stability, enables long-lasting performance. Various studies have been carried out in the field of electrocatalysis to find descriptors for the trends in activity and selectivity for electrochemical reactions, and the result leads to a Sabatier volcano, where moderate interactions with the reaction intermediates give rise to highest activity on the. [99, [134] [135] [136] [137] [138] Above all, new materials with exceeded electrocatalytic performance from the current state-of-the-art can be discovered by the knowledge of this descriptor. [99, 136, 139, 140] Thermodynamics of the competing reactions largely limits the activity and selectivity of the catalyst materials by imposing several criteria [110] hence, synthesis of H 2 O 2 from water oxidation is a challenging process. Density functional theory (DFT) can be used to calculate the adsorption free energies of relevant intermediates OH*, O* and OOH* formed in one-(Equation 14), two-(Equation 10 ) and four-electron (Equation 13) water oxidation reactions. Shi, Siahrostami [133] shows that the key parameters in determining activity and selectivity towards different oxidation products, H 2 O 2 (Equation 10), O 2 (Equation 13), and OH radical (Equation 14) are the free energies of OH* and O* [110] . The free energies of O* OH*, and OOH* cab be calculated using DFT.
Shi, Siahrostami [133] studied experimentally and theoretically stable surface, exposed in the BiVO 4 crystal structure [141] , and uses the computational hydrogen electrode model (CHE). The model exploits that at standard conditions the chemical potential of the proton-electron pair is equal to gas-phase H 2 . Moreover, the free energies of O*, OH* and OOH* are taken from reported DFT calculations for WO 3 (100), TiO 2 (110) and SnO 2 (110) . [110, [142] [143] [144] The electron energy is shifted by -eU thus taking electron potential into account, where e and U are the elementary charge and the electrode potential, respectively [145] . From the thermodynamic point of view, oxygen is evolved by a complete four electron oxidation reaction (Equation 10) followed by strong OH adsorption energy materials that further oxidize OH* to O* and OOH*. Viswanathan, Hansen [110] reported that the lowest potential at which all the reaction steps are downhill in free energy, is the limiting potential for the electrochemical reaction to occur. Electrocatalysts with weak OH* free energy shows high preference towards the two-electron pathway while will have low selectivity towards the four-electron pathway [133] . A good thermodynamic driving force should be provided by OH* free energy for two electron pathway towards H 2 O 2 . At the same time, the provided free energy should be strong enough to dissociate the water molecule. Electrocatalyst should have ∆G O * 3.5 eV as twice of the equilibrium potential for (Equation 10), is used for H 2 O 2 formation (∼ 3.5 eV). A lower limit of ∆G OH * 3.5 2 -0. 28 2 ∼1.6 eV is set by OH* free energy due to O* and OH* energies that are generally found to scale (∆G O * = 2∆G OH * + 0.28) [142] . A selective catalyst for H 2 O 2 evolution indicated by the scaling relation and combined thermodynamic criteria should have ∆G OH * from ∼ 1.6 to 2.4 eV. This is because the free energy OH* formed in (Equation 14), sets the upper limit for ∆G OH . Moreover, the reaction is drived towards the OH* formation by OH* with too weak free energy of ∆G OH * 2.4 eV. WO 3 , SnO 2 , BiVO 4 and TiO 2 are suggested by thermodynamic analysis to generate H 2 O 2 using certain values of OH* free energy [133] . The two electron oxidation reaction (Equation 10) should have high selectivity and activity with low overpotential. Furthermore, a number of catalyst materials deviating from O* and OH* scaling relation are needed to be identified to increase the selectivity region for evolution of H 2 O 2 [146] . The free energy of the OH* is tuned by controlling the overpotential whereas, binding of OH* to the catalyst surface governs the overpotential [145] . H 2 O 2 production activity is a function of the binding of the sole reaction intermediate, HOO*, [95, 98] in which the theoretical overpotential for the reaction, η = 0 and adsorption of HOO* should be thermoneutral at the equilibrium potential (U 0 O2/H2O2 = 0.7 V) for an ideal catalyst. Lower electrocatalytic activity or additional overpotential will be introduced by weaker or stronger binding to HOO*. Verdaguer-Casadevall, Deiana [103] using well-characterized extended surfaces identified Pt-Hg as highly active and selective catalyst for H 2 O 2 production by density functional theory calculations. It is confirmed by the theoretical predictions that Pt-Hg is highly active and selective for oxygen reduction to H 2 O 2 in both nanoparticles and extended surfaces form [143] . An ordered intermetallic (where isolated Pt atoms are surrounded by Hg) is formed when Hg is electrodeposited on Pt at room temperature [147] . Metals like Cu, Pd, and Ag can be modified by the same electrodeposition procedure. These metals alloy with Hg and exhibit some stability against potential range of O 2 reduction to H 2 O 2 (i.e., 0 to 0.7 V) and dissolution under the acidic conditions. Noticeably, the overpotential is critically affected by the electrode material. Ag-Hg, Pt-Hg, and Cu-Hg electrodes show an increasing overpotential whereas, PdHg electrode shows highest current over the lowest overpotential. Pure Ag has similar high activity to that of PtHg for this reaction. Silver has been studied extensively in previous studies whereas, Au based catalyst are found to be less active than all these materials. [58, 148, 149] Pd-Hg has 2 orders of higher magnitude activity while, Ag, PtHg, and Ag-Hg have improvement in order of magnitude over Au.
Pure metals surfaces have less selectivity to H 2 O 2 as compared to Hg-modified electrodes. It is anticipated by the research that, in the case of Cu-Hg, and Pd-Hg, single atoms of Cu or Pd are surrounded by Hg because of the resemblance of structure of active site to Pt-Hg [147] . To dissociate HOO* and to break O-O bond for the formation of intermediates (O* and HO*) of 4-electron reduction process at least two contiguous reactive atoms are required. [58, 143] Subsequently, O-O bond are made selective for H 2 O 2 production as monoatomic sites are unable to break them. Over the entire potential range Ag-Hg has slightly different cause of its high selectivity at 100%. Rather than an ordered intermetallic, the alloy forms the solid solution as the formation is negative enthalpy at -0.03 eV/atom. The activity of the alloy is slightly lower or equal to Ag because in such a solid solutions there will be some regions close to pure Hg while others close to pure Ag. It is observed from the DFT calculations that on terrace sites dissociation barrier for HOO* (or H 2 O 2 ) is much higher than on step sites [44] so, inherently more selective steps should be towards the toward the 4-electron reduction. High selectivity to H 2 O 2 production can be provided by blocking them with Hg. To be economically competitive high current density per unit mass catalyst and well dispersed catalyst is required in electrochemical H 2 O 2 production and industrial implementation. [102, 150] Verdaguer-Casadevall, Deiana [103] mentioned that out of other catalysts reported thus for, Pd-Hg has higher activity. Compared to the current state-of-the-art [58, 95] significant improvements in selectivity, efficiency and cost of H 2 O 2 producing devices can be brought about by the arrangement of either catalyst [151] . Higher activity per mass of precious metals can be achieved by fine tuning of particle composition, size and shape [152] [153] [154] [155] [156] . The oxygen reduction concept of tuning the activity and selectivity of the catalyst can be used in selective oxidation of hydrocarbons [157] or CO 2 reduction. [158, 159] 4 Electrocatalytic detection of H 2 O 2 H 2 O 2 is extensively used in many fields, has great importance and is a by-product of many oxidase enzymes. Moreover, H 2 O 2 is referred as Reactive Oxygen Species (ROS) so it develops great interest in medical field. An accurate determination of H 2 O 2 is necessary because the excessive accumulation of it can cause serious damages like, DNA fragmentation and tissue damage [160] . Currently, many methods including fluorescence [161] , colorimetry, titrimetry, electrochemical, Chemiluminescence [162] and spectrophotometry [163] have been used for the quantitative determination of H 2 O 2 . Compared to all these methods electrochemical method is very selective, sensitive, easy to prepare, requires less experienced staff, less time consuming and less expensive. For determination of H 2 O 2 electrochemical sensors including enzymatic [164] and non-enzymatic [165] have been developed so for. Compared to non-enzymatic sensors, electrochemical sensors based on enzymes are more selective because they are substrate specific for converting them into product. Whereas, in case of stability, enzymatic electrochemical sensors shows long term stability. [166, 167] Scientists have been working to overcome these drawbacks by developing more sensitive, stable and selective H 2 O 2 electrochemical sensors.
Recently, the most active electrochemical sensors being in use are based on graphene. Graphene has two-dimensional lattice nanostructure having twodimensional carbon atoms arrange in a single plate of sp 2 hybrid. Graphene based electrochemical sensors/biosensors have unique mechanical and thermal properties, high stability, electronic conductivity and large surface area. The oxidized graphene (GO) is hydrophilic and can works easily through noncovalent and covalent bonding when combined with carboxyl groups, epoxy and hydroxyl ions. Due to low conductivity of GO than reduced graphene oxide (rGO) it was reduced to rGO. [168, 169] rGO is functionalized and dispersed in aqueous solution by mean of oxygen containing functional groups attached to it [170] . Different optical, electronic, and catalytic properties of noble metal nanoparticles have made them modifier for electrodes. This could also be because of their good electron transfer rate, remarkable stabilities and large surface area. A large improvement have been seen by using graphene [171] , titanium dioxide [172] , carbon nanotubes [173] , and silica [174] as supporting materials for electrochemical communication between these nanomaterials and analyte. Though, working electrodes needs necessary improvements in selectivity and sensitivity of these nanoparticles using suitable nanocomposite materials. Moreover, for improving reliable, accurate and low cost electrochemical sensors, particularly significant fabrication of new nanocomposites is necessary. Unlike monometallic nanoparticles, many of the bimetallic nanoparticles have excellent electrochemical properties that make them the center of interest and are referred for electrochemical determination of H 2 O 2 by the scientists. Various studies reported bimetallic nanoparticles for electrochemical detection of H 2 O 2 such as Fe@Pt core-shell [175] , Au-Pd bimetallic nanoparticles [176] , Ag-Au/Cu2O nanocubes [177] , PtAg [178] and Pt-Au [179] . These studies show remarkable electrochemical response of H 2 O 2 towards bimetallic nanocatalysts as compared to monometallic. Guler, Turkoglu [180] used Pd@Ag bimetallic nanoparticles for electrochemical determination of H 2 O 2 supported on 3-aminopropyltriethoxysilane (APTES) functionalized reduced graphene oxide. Because of synergistic effect, the constructed sensor shows excellent stability, selectivity and sensitivity (1307.46 µA.mM −1 .cm −2 ) towards the reduction of H 2 O 2 and can be used for determination of H 2 O 2 as an encouraging material. Most of sensors used for H 2 O 2 determination, exhibit their own technical drawbacks such as being complicated, time consuming or requiring expensive instrumentation. However, printed electrochemical sensors have proved themselves as successful for detection of many compounds based on their selectivity, sensitivity, fast response, cost-effectiveness and ease of use. Electrocat-alytic detection of H 2 O 2 has been performed by various materials such as redox polymers, redox proteins and transition metals. [131, [192] [193] [194] Prussian blue (PB) or Ferric hexacyanoferrate has been referred as an "artificial peroxidase" [195] . Electrochemical reduction of Prussian blue (PB) forms Prussian white (PW), which at low potential (around 0 V vs. Ag/AgCl) catalyzes the reduction of hydrogen peroxide. This characteristic allows PW to work in the presence of a wide range of interferences. PB cab be produced by several methods mentioned in the literature, which are based on electrochemical techniques for deposition [196] or in situ chemical deposition [197] on electrode surfaces. In electrochemical sensor field an increasing attention has been received by Prussian blue nanoparticles (PBNPs) because of its increased electrochemical properties and enhanced surface to volume ratio. The type of chemical environment for characterization and synthesis can influence the properties of nanoparticles.
Hence, PBNPs have been developed characterized by particular properties through alone production [198] or in the presence of other nanomaterials [199, 200] in order to constitute a hybrid nanocomposite. Nowadays the most powerful deposition technology used for fabrication of sensors is Inkjet printing. This deposition methodology is most widely used fabrication process that has ability to deliver picolitre drop volumes of precisely patterned ink [201] [202] [203] , and using nanomaterial-based inks in inkjet printing is a key technology for printed electronics [204] . Cinti, Arduini [205] develops a simple and low cost novel amperometric hydrogen peroxide electrochemical sensor with an excellent performance for the determination of H 2 O 2 . On screen-printed electrodes PBNPs was deposited using inkjet printing. The experimental results showed excellent electrocatalytic activity and reproducibility of the nanocomposites towards the electrochemical reduction of H 2 O 2 . To fabricate the sensing devices for H 2 O 2 Hu, Lin [206] also reported PBNPs based inkjet printing process. However, regarding the determination of H 2 O 2 , Cinti, Arduini [205] reported significant improvements in terms of detection limit, sensitivity, reproducibility and linear range.
Conclusion
In summary, hydrogen peroxide with a long manufacturing history is a nontoxic and versatile commodity chemical which is completely miscible in water. Industrial production of H 2 O 2 went through different stages and new research has been carried to find innovative new processes and materials based on production of H 2 O 2 . A batch process, Anthraquinone is an old production process of H 2 O 2 carried out in large facilities with different disadvantage in steps of separation involved in purifying H 2 O 2 from the organic impurities and side reactions occurring in the process which requires hydrogenation of the catalyst and regeneration of the solution. The direct synthesis process of H 2 O 2 is a promising alternative of anthraquinone process which involves direction reaction of H 2 and O 2 in a liquid medium in the presence of catalyst enabling the production in continuous mode. Environmental regulations and the concerns have been set to the increasing demand of the H 2 O 2 in recent years. In particular literature review of about last two decades we emphasize that to overcome an increased pressure on energy resources caused by continued increase in global population and economic development; on site electrochemical production process of H 2 O 2 must be considered with no side waste generation.
Electrochemical devices [56] and electrolysis of water [60] operated at ambient temperature and pressure [90] in small plants can be helpful in storage, electrochemical energy conversion process, and in transformation, as they require minimal capital investment. In electrochemical production of H 2 O 2 catalyst at the electrodes is of crucial importance so presently, the main challenge in focus is to find a material that can efficiently and selectively produce H 2 O 2 . Synthesis of H 2 O 2 from water oxidation is a challenging process as the activity and selectivity of the catalyst materials is largely limited by imposing several criteria by thermodynamics of the competing reactions [110] . Moreover, to increase the selectivity region for H 2 O 2 production, a number of catalyst materials deviating from O* and OH* scaling relation are needed to be identified [146] . We anticipate from the previous studies and theoretical predictions that Pt-Hg is highly active and selective for oxygen reduction to H 2 O 2 in both nanoparticles and extended surfaces whereas Au based catalyst are found to be less active. In particular we emphasize that pure metals surfaces have less selectivity to H 2 O 2 as compared to Hg-modified electrodes. Table 1 . A comprehensive summary of H2O2 production, catalytic activity, selectivity and stability from ORR
